The surface and grain-boundary effects on the in-plane thermal conductivity of polycrystalline platinum nanofilms have been investigated. The thicknesses of the nanofilms range from 15.0 to 63.0 nm and the mean grain sizes measured by x-ray diffraction vary from 9.5 to 26.4 nm. The thermal conductivities of the nanofilms measured by a direct electrical heating method are greatly reduced from the bulk values. The measured results are compared with the values predicted by the Qiu and Tien model and the Kumar and Vradis theory. It is found that the reduction in the thermal conductivity is mainly caused by grainboundary scattering and the reflection coefficient of electrons striking the grain boundaries is around 0.35. The relaxation time model is also applied to study the size effects to check whether the Matthiessen rule is still valid in predicting the in-plane thermal conductivity of polycrystalline metallic nanofilms. The results indicate that by considering only grain-boundary scattering and background scattering the Matthiessen rule is still valid. If surface scattering, however, is included, deviations of the Matthiessen rule from other theories mentioned above have been found.
Introduction
Studies on the thermal conductivity of metallic thin films have attracted tremendous interest over past decades due to their wide applications as interconnects in modern ultra-large-scale integrated (ULSI) circuits. As the dimension of the metallic interconnects is decreased comparable to the electron mean free path, size effects on the thermal transport process will become important, which usually leads to a reduction of the thermal conductivity of the metallic thin films. Such a reduction will then worsen the heat transfer in the ULSI circuits, and even lead to the burnout of the chips.
Difficulties in directly measuring the thermal conductivity of the metallic thin films according to the Fourier law exist, since the imposed heat flux is generally very small and the temperature distribution is considerably difficult to detect. A few indirect methods have been put forward, such as the steady state method [1] [2] [3] [4] , the pulse method [5] , the picosecond thermoreflectance method [6] , the photoacoustic method [7] and the ac calorimetric method [8] to measure the in-/out-of-plane thermal conductivity or thermal diffusivity of metallic thin films. The existing experimental results show that the thermal conductivity is much reduced from the corresponding bulk values, even down to one order of magnitude. Such a reduction is mainly attributed to the size effects on the scattering processes of conduction electrons in metallic systems, due to the surface [1] [2] [3] [4] [5] [6] [7] [8] and the grain boundary [8] .
Theoretical studies on the surface and grain-boundary effects have also been carried out in the past several decades. By applying the electrical-thermal analogy introduced by the Wiedemann-Franz law, Tien et al [9] and Qiu et al [10] firstly studied the surface and grainboundary effects on the thermal conductivity of metallic thin films. Their work is mainly based on the Fuchs-Sondheimer (FS) [11, 12] theory to study the surface effect and the MayadasShatzkes (MS) [13, 14] theory to study the grain-boundary effect. If the ratio between the thickness and the mean grain size is taken to be 5.0 and the reflection coefficient of electrons striking the grain boundaries is taken to be 0.23, the predictions made by the Qiu and Tien model agree well with the experimental results in [3] . Since the Wiedemann-Franz law for bulk metals has not been proved for metallic thin films, Kumar and Vradis [15] directly studied the surface effect on the thermal conductivity of single-crystal metallic films. The results show that the leading order behaviour of the ratios of film thermal and electrical conductivities to their corresponding bulk values is identical. With a relaxation time model, Kumar and Vradis also considered the grain-boundary effect on the thermal conductivity of polycrystalline metallic thin films. If the mean grain size is taken to be equal to the corresponding thickness, the calculated results also coincide with the experimental results in [3] . Therefore, the discrepancy is found that different relationships between the mean grain size and the film thickness have been obtained, when the Kumar and Vradis (KV) theory and the Qiu and Tien model are compared with the same experiment in [3] . In the previous work, to our knowledge, the relative magnitudes of the surface and grain-boundary effects on the thermal conductivity of metallic thin films have not yet been discussed.
The Matthiessen rule [16] can be readily applied to estimate the relative magnitude of different scattering mechanisms. It has been widely used to predict the phonon thermal conductivity of dielectric solids [17] and the electrical conductivity or electronic thermal conductivity of metallic materials [16] . However, the work of Mayadas and Shatzkes shows that the total in-plane electrical resistivity of the polycrystalline metallic thin films exhibits a deviation from the Matthiessen rule, and the electrical resistivity of the polycrystalline metals cannot be expressed as the sum of a resistivity due solely to grain boundaries and the background resistivity [14] . Durkan also pointed out that in the presence of background and surface/grain-boundary scattering, the Matthiessen rule is not satisfied in evaluating the electrical resistivity of polycrystalline nanowires [18] . It is still an open question, however, whether the Matthiessen rule is still valid in predicting the thermal conductivity of metallic thin films.
The in-plane thermal conductivity of polycrystalline metallic nanofilms is investigated experimentally and theoretically in this paper to illustrate the relative importance of the surface and grain-boundary effects on the reduction of the thermal conductivity, and to examine the applicability of the Matthiessen rule in predicting the in-plane thermal conductivity of polycrystalline metallic thin films.
Experiment

Preparation of the platinum nanofilms
In order to measure the thermal conductivities of the platinum nanofilms with a direct electrical heating method [19, 20] , the nanofilms need to be connected with four leads and to be suspended from their substrate. The nanofilms are fabricated by electron beam (EB) lithography, electron beam-physical vapour deposition (EB-PVD) and isotropic/anisotropic etching techniques. The fabrication processes, as shown in figure 1 , are listed as follows. (1) The Si(100) substrate with a SiO 2 layer of 180 nm thickness is used as the starting material. An EB resist is spin-coated to be 320 nm in thickness. (2) By using the EB lithography system, patterns of the nanofilm and leads are directly drawn on the EB resist. (3) Titanium and platinum films are deposited sequentially by the EB-PVD method. The thickness of the titanium film, which is used only for adhesion, is usually taken to be 5.0 nm, while the thickness of the platinum film ranges from 15.0 to 63.0 nm. When the thickness is larger than 40.0 nm, the deposition rate has been increased from 0.08 to 0.10-0.11 nm s −1 . (4) The lift-off technique is applied, where the chip is immersed in the liquid resist-remover to leave only Pt/Ti pattern on the SiO 2 layer. (5) The isotropic etching using the buffered hydrofluoric acid is applied to remove the SiO 2 layer around the nanofilm. Titanium is also etched away in this process. (6) Si is anisotropically etched using KOH solution in order to detach the nanofilm from the substrate, and the gap between the nanofilm and the substrate is about 6 µm. The size parameters of the fabricated nanofilms are listed as in table 1. Previous studies indicate that the thermal conductivity of the nanofilms is independent of the width [20] , and can then be characterized only by the nanofilm thickness. Figure 2 shows the physical model of the direct electrical heating method. In this method, the metallic nanofilm serves both as heater and resistance thermometer, which is different from the well known 3ω method [21, 22] in principle. The metallic thin film in the 3ω method is just used as heater and temperature sensor and the out-of-plane thermal conductivity of the underlying dielectric films is measured, while in the present method the in-plane thermal conductivity of the metallic nanofilm itself is the objective to be studied. Initially, the nanofilm and the heat sinks (i.e. the leads) are maintained in thermal equilibrium at a set temperature of T 0 . As a direct current flows through the nanofilm, the generated joule heat will lead to a temperature rise of the nanofilm. In consideration of the great difference in the heat capacity of the nanofilm and that of the heat sinks, the temperature distribution along the nanofilm will reach a steady state within several microseconds after heating. Since all the measurements are carried out at a high vacuum level of ∼3 × 10 −6 Torr and at the set temperatures ranging from 80 to 300 K, the residual gas heat conduction and thermal radiation loss can be ignored. Therefore, the heat transfer through the nanofilm can be simplified into one-dimensional steady-state heat conduction. The heat sinks are always maintained with a constant temperature T 0 during the measurement. The temperature distribution along the nanofilm can then be obtained, which is expressed by
Principle of the measurement
where x is the distance from the left lead, I and V are the current and voltage applied on the nanofilm respectively, l is the length, w is the width, δ is the thickness, and λ f is the required thermal conductivity of the nanofilms. As the heating power I V is only several microwatts, the maximum temperature rise does not exceed 10 K. The average temperature increase of the nanofilm T L can be deduced from equation (1) as
Such a temperature rise will lead to an increase in the resistance of the nanofilm R f through
where R 0 is the resistance at the set temperature T 0 , and β is the temperature coefficient of resistance (TCR) at T 0 . By combining equations (2) and (3), we can obtain the relationship between the increased resistance R f and the heating power I V as
Since the increased resistance can be calculated directly through the voltage divided by the current, i.e. R f = V /I , the above relationship can also be achieved from the experimental data. Figure 3 shows the variation of measured resistance along the heating power at the set temperature 300 and 180 K, respectively, for the 15.0 nm thick nanofilm. By extrapolating the heating power to be zero, the resistance R 0 at the set temperature T 0 can be readily obtained. Also we can obtain the slope of the resistance varying with the heating power, which is denoted as a for simplicity. By comparing with equation (4), we find that a = (β R 0 l)/(12λ f wδ). Two unknown parameters in the slope are the TCR and the thermal conductivity of the nanofilm. The TCR can be calculated from calibration by
where R r is the reference resistance of the nanofilm at the reference temperature T r , which is usually taken to be 293.2 K. Figure 4 shows the variations of the resistance corresponding to zero power along the set temperature for the 15.0 and 62.0 nm thick nanofilms, respectively, from which the TCR at different set temperatures can be readily obtained. The thermal conductivity is then calculated through
It is found from figure 3 that the resistance and the heating power are in a good linear relationship, the same as the theoretical analysis predicts as shown in equation (4) . The accordance between the experimental results and the theoretical analysis has provided one proof to verify the present method. We can find from equation (6) that the uncertainty of measuring the thermal conductivity comes from the measurement of the current, the voltage, and the dimension of the nanofilm. The current and the voltage are measured by two high accuracy digital multimeters (Keitheley 2002, 8.5 digits), and the relative uncertainty is not more than 16 ppm. The width and length of the nanofilm are measured with a scanning electron microscope (SEM). The thickness is measured with a calibrated quartz crystal thin-film thickness monitor (CRTM-7000 with the resolution of 0.01 nm) and an atomic force microscope (AFM). The total error caused by the dimension measurements is estimated to be less than ±3%. The total error is estimated to be within ±5%.
Experiment equipments
The schematic diagrams of the experimental apparatus and the measuring circuit are shown in figure 5 . In all the measurements, the silicon chip with the suspended metallic nanofilm is mounted on the sample holder of a liquid nitrogen cryostat (Oxford Instruments, Optistat DN-V). The sample chamber is continuously evacuated by a vacuum pump and a molecular pump, and the temperature of the sample holder can be continuously controlled from 77 to 500 K. The measurement system consists of the nanofilm sample, two high accuracy digital multimeters (Keithley 2002, 8.5 digits), a standard resistance (Yokogawa 2792) and a high accuracy power supply (Advantest R6243).
Theory
Surface effect
As the thickness of metallic thin films is comparable to or less than the electron mean free path (MFP), which is about 23 nm for platinum at 300 K, the effect of electron scatterings on the surface becomes evident. By solving the Boltzmann transport equation with surface scattering being a boundary condition, Fuchs and Sondheimer [11, 12] have studied the surface effect on the electrical conductivity of single-crystal metallic thin films. With the electrical-thermal transport analogy introduced by the Wiedemann-Franz law, Tien et al [9] obtained the ratio of film to bulk thermal conductivity as
where λ f and λ b are the film and bulk thermal conductivities respectively, p is the specularly reflected coefficient of electrons at the surface, and k is the ratio between the film thickness δ and the electron MFP of the bulk material l b . Kumar and Vradis [15] directly studied the surface effect on the in-plane thermal conductivity of single-crystal metallic thin films by solving the Boltzmann transport equation with a temperature gradient imposed along the film. The approximate expression for the ratio of film to bulk thermal conductivity can be written as
where c = 0.577 is Euler's constant used in the expansion of the exponential integral function. By considering the background and surface scattering λ simultaneously, the effective relaxation time τ f of single-crystal metallic thin films can be obtained from the Matthiessen rule as 1
where
is the relaxation time of the single-crystal bulk metals, τ s is the relaxation time caused by surface scattering, l f is the effective MFP of the films, l b is the MFP of the single-crystal bulk metals, and v F is the Fermi velocity. The expression for the ratio of film to bulk thermal conductivity can then be obtained as
The MFP of the bulk metals l b can be related to the thermal conductivity λ b by the formula [17] 
where m is the electron mass, n is the electron density, and k B is the Boltzmann constant. With this formula, the variations of the thermal conductivity of metallic thin films with the thickness and with the temperature can be readily obtained from equations (7), (8) and (10).
Grain-boundary effect
As the metallic thin films are polycrystalline and the mean grain size is comparable to or less than the electron MFP, the effect of grain-boundary scattering on the thermal conductivity must be included. By assuming that the grain boundary can be represented by a δ-function potential, Mayadas and Shatzkes studied the grain-boundary effect on the electrical conductivity of polycrystalline metals within the framework of the Boltzmann transport equation. With the electrical-thermal transport analogy, Qiu and Tien obtained the ratio of polycrystalline to single-crystal bulk thermal conductivity as
where λ b,g and λ b are the polycrystalline and single-crystal bulk thermal conductivities respectively and α is a combined parameter which includes the relative magnitude of the mean grain size, i.e. d/l b , and the reflection coefficient R of the conduction electrons striking the grain boundary, and can be written as
By including the background and grain-boundary scattering simultaneously, the effective relaxation time τ b,g of polycrystalline bulk metals can be obtained from the Matthiessen rule as
is the relaxation time caused by grain-boundary scattering, and l b,g is the MFP of the polycrystalline bulk metals. The expression for the ratio of polycrystalline to single-crystal thermal conductivities can then be obtained as
Combination of surface and grain-boundary effects
For polycrystalline metallic thin films where the film thickness and the mean grain size are both comparable to or less than the MFP, the effects of surface and grain-boundary scatterings on the thermal conductivity should be considered simultaneously. The electron reflection at the surface is usually considered to be completely diffusive, i.e. p = 0, in the polycrystalline metallic thin film. The ratio of polycrystalline metallic thin films to single-crystal bulk thermal conductivities, i.e. λ f /λ b , can be obtained by the Qiu and Tien model, the KV theory and the relaxation time model as equations (15), (16) and (17) respectively
Results and discussion
The microstructure of the nanofilms has been studied by x-ray diffraction (XRD) and figure 6 shows the XRD spectra of platinum nanofilms with the thicknesses of 15.0 and 62.0 nm, respectively. It is found that both (111) diffraction peaks are rather broader than the expected sharp peak occurring in the bulk material, indicating that crystallites with finite size exist in the present nanofilms. In the XRD spectrum of 15.0 nm, there is an additional diffraction peak around 2θ = 38
• , which is found to correspond to Ag(111). In consideration that the platinum specimen is highly pure in the present study (i.e. 99.999%), such a contamination is considered to be introduced in the measurement. Fulmargin is used as an adhesive to join the wires and four nanofilm leads and some must remain on the nanofilms before being studied by XRD. Fortunately, the contamination introduced will not affect the observed mean grain size, as well as the measured thermal conductivity of platinum nanofilms. The average size of the crystallites can be estimated from the full width at half maximum (FWHM) of the peaks using the Scherrer equation as
where d is the mean grain size perpendicular to the reflecting plane, B is the FWHM, s is a constant (shape factor) with a value of 0.89, θ is the diffraction angle, and λ x is the wavelength of the x-ray (λ x = 0.1541 nm). With the Scherrer equation, the out-of-plane mean grain sizes of the nanofilms are calculated, and the results are shown in figure 7 . It is found that the mean grain sizes are always smaller than the corresponding thicknesses and tend to increase with increasing nanofilm thickness. The unexpected low thermal conductivity of the 62.0-63.0 nm thick nanofilms is considered to be caused by the increased deposition rate from 0.08 to 0.10-0.11 nm s −1 . It should be noted that in the latter theoretical calculations the out-of-plane mean grain sizes obtained from XRD studies have been used, while the in-plane mean grain sizes are actually needed. Such a substitution is acceptable in consideration that the in-plane mean grain size is close to the out-of-plane value and an approximately equiaxed microstructure can be observed intuitively from the inserted TEM micrograph as shown in figure 7 .
The thermal conductivity of the platinum nanofilms has been measured by the direct electrical heating method, and the temperature changes from 80 to 300 K. The thicknessdependent thermal conductivity at 300 K and the temperature-dependent thermal conductivity for the thickness of 62.0 nm are shown in figures 8 and 9, respectively. It is found from figure 8 that the thermal conductivity has been greatly reduced for all studied nanofilms and tends to increase with increasing nanofilm thickness. The tendency becomes flat when the (This figure is in colour only in the electronic version) Figure 8 . The variations of the thermal conductivity along the nanofilm thickness at 300 K, including the experimental results, the theoretical predictions made by the FS theory, the KV theory and the relaxation time model. The bulk value is also included.
thickness is over about 40.0 nm. The asymptotic thermal conductivity is 33.8 W m −1 K −1 , which is much less than the bulk value 71.4 W m −1 K −1 . It is found from figure 9 that the thermal conductivity of the nanofilm increases with increasing temperature, and becomes almost flat around 300 K. Such a tendency in the nanofilm is quite different from that in the bulk material, where the thermal conductivity decreases with increasing temperature. Since the thicknesses and the mean grain sizes of the nanofilms are comparable to the electron MFP of platinum, the deviations of the nanofilm thermal conductivities from the bulk values are attributed to both surface and grain-boundary scatterings. By applying the Qiu and Tien model, the KV theory and the relaxation time model, we studied the surface and grain-boundary effects independently and simultaneously to find out the relative magnitudes of these effects and to examine whether the Matthiessen rule is still valid in predicting the thermal conductivity of the metallic thin films. By considering only the surface effect, the thermal conductivities have been calculated through equations (7), (8) and (10) . The obtained variations of the thermal conductivity with the thickness at 300 K and with the temperature for the 62.0 nm thick nanofilm are also shown in figures 8 and 9, respectively. It is found that the thermal conductivities due to the surface effect are reduced from the corresponding bulk values and tend to increase with increasing thickness, as well as increasing the temperature. However, the theoretical predictions obviously overestimate the nanofilm thermal conductivity. In the present calculations the specularly reflected coefficient is taken to be zero, i.e. p = 0, which means a completely diffusive surface, and hence the results represent the lowest values that the FS theory and the KV theory can predict. Therefore, other mechanisms leading to the reduction of the thermal conductivity must be considered. It should be noted that the calculated results from the KV theory agree well with those from the FS theory, which coincides with the conclusion drawn from [15] . The results predicted by the relaxation time model, however, are much less than those by the FS theory and the KV theory. It is considered, therefore, that the relaxation time model overestimates the surface effect on the thermal conductivity of the metallic thin films.
With mean grain sizes provided by XRD, the MS theory ( p = 1) and the relaxation time model, as shown in equations (12) and (14), have been applied to study the grain-boundary effect on the thermal conductivity of polycrystalline bulk metals. The calculated results are shown in figures 10 and 11. It is found that if the reflection coefficient R is taken to be 0.35, the thermal conductivities predicted by the MS theory have been greatly reduced and approximate to the measured values. In the relaxation time model, there are no phenomenology parameters and only size parameters, such as the nanofilm thickness and the mean grain size, are required. The thermal conductivities predicted by the relaxation time model are also greatly decreased from the bulk values and agree with the experimental results with a maximum discrepancy less than 23%. The results indicate that grain-boundary scattering can exert remarkable effects on the thermal conductivity of polycrystalline metals. By including a diffusive surface effect ( p = 0), the MS theory (R = 0.35) and the KV theory, as shown in equations (15) and (16), have been used to study the combined surface and grain-boundary effects on the thermal conductivity of the polycrystalline metallic nanofilms. The calculated thermal conductivities are further diminished as expected compared with those without the surface effect, and coincide with the measured results better. The relative changed values, however, are rather small, Figure 10 . The variations of the thermal conductivity along the mean grain size at 300 K, including the experimental results, the theoretical predictions made by the MS theory with and without the surface effect, the KV theory with the surface effect, and the relaxation time model with and without surface effect. The bulk value is also included. Figure 11 . The variations of the thermal conductivity along the temperature for the nanofilm with the thickness of 62.0 nm, including the experimental results, the theoretical predictions made by the MS theory with and without the surface effect, the KV theory with the surface effect, and the relaxation time model with and without surface effect. The bulk value is also included.
with a maximum discrepancy less than 18%. We can conclude from the comparisons that the thermal conductivity is mainly dominated by grain-boundary scattering, and the effect of surface scattering is rather less important. By including the surface scattering mechanism, as well as grain-boundary and background scatterings, the relaxation time model, as shown in equation (17) , has also been used to predict the combined size effects on the thermal conductivity. The calculated results are about 10-20% less than those obtained from the KV theory, and also show a deviation from the measured thermal conductivities. The results suggest that the Matthiessen rule will become invalid if surface scattering is included, while it is still satisfied if only grain-boundary and background scatterings are considered. The possible interpretation is given as follows. In the in-plane direction, the effective electron MFP caused by grain-boundary scattering is determined by the in-plane mean grain size. The corresponding relaxation time can then be expressed by τ g = d/v F , as shown in equation (13) . For the present nanofilms, the in-plane mean grain size is considered to approximate to the out-ofplane value obtained by the XRD studies. The situation is quite different for surface scattering. The effective mean free path caused only by surface scattering shows great discrepancy in different directions. In the out-of-plane direction the effective mean free path can be regarded as the thickness, while in the in-plane direction it shows a deviation from the thickness and is considered to become larger. Since the in-plane thermal conductivity is concerned in this paper, the relaxation time related to surface scattering cannot be written as τ s = δ/v F , as shown in equation (9) . A proper expression is under consideration.
Conclusions
The size effects on the in-plane thermal conductivity of the polycrystalline metallic nanofilms have been investigated experimentally and theoretically. The measured results show that the thermal conductivity of the studied nanofilms has been greatly reduced, even down to one-third of the bulk value for the thinnest nanofilms at room temperature and even smaller at lower temperature. By comparing the experimental results with the predictions made by the Qiu and Tien model and the KV theory, we find that the reduction is mainly caused by the grainboundary scattering, and the contribution of surface scattering is less than 18%. The relaxation time model introduced by the Matthiessen rule has also been used to study the size effects on the in-plane thermal conductivity, which are compared with the predictions made by the Qiu and Tien model and the KV theory, as well as the experimental results. The results indicate that the Matthiessen rule is still valid if only grain-boundary and background scatterings are considered, while it becomes invalid if surface scattering is included. The possible reason is that the effective mean free path caused by grain-boundary scattering can be characterized by the mean grain size, while the effective mean free path induced by surface scattering strongly depends on the direction and cannot be simply characterized by the nanofilm thickness in the direction parallel to the surface.
